Introduction
The stilbenoid compounds, [1, 2] which react in the presence of light by undergoing a change in their electronic and geometric structures, have been especially documented, as they are of interest in molecular photochemistry [3] and theoretical [4] studies. In addition to their important role as model compounds of biological phototropic systems, [5, 6] they also serve as building blocks for organic materials, [3, 7, 8] whose properties could be used in optical and electro-optical applications, such as optical data storage, laser dyes, nonlinear optics, or photochemically cross-linked polymers.
The N-heteroaromatic analogues, namely, the styrylpyridines (or stilbazoles), can act as N-coordinating ligands in transitionmetal complexes. It has been established that the photoreactivity of 4-styrylpyridine complexes of Ru II , Re I , and W 0 [9] [10] [11] [12] is dominated by the photoinduced cisQtrans isomerization of the 4-styrylpyridine ligand ( Figure 1) .
The photoinduced isomerization of styrylpyridine ligands has proven to be a means of photoswitching the properties of transition-metal complexes, and thus, photocontrol of the reactivity of porphyrin complexes can be achieved in this way. [13] [14] [15] Of more especial interest to us is the application of such an approach to complexes of transition-metal cations, such as Fe II or Fe III , which are likely to exhibit a spin-crossover phenomenon. [16] [17] [18] [19] [20] The approach led to the so-called ligand-driven lightinduced spin change (LD-LISC) phenomenon, [21] [22] [23] [24] in which the optical switching of the photoreactive ligand (namely, the cisQ trans photoisomerization of styrylpyridine) causes a change of electronic structure that, in turn, may induce a high-spinQlow- We report an in-depth theoretical study of 4-styrylpyridine in its singlet S 0 ground state. The geometries and the relative stabilities of the trans and cis isomers were investigated within density functional theory (DFT) as well as within Hartree-Fock (HF), second-order Møller-Plesset (MP2), and coupled cluster (CC) theories. The DFT calculations were performed using the B3LYP and PBE functionals, with basis sets of different qualities, and gave results that are very consistent with each other. The molecular structure is thus predicted to be planar at the energy minimum, which is associated with the trans conformation, and to become markedly twisted at the minimum of higher energy, which is associated with the cis conformation. The results of the calculations performed with the post-HF methods approach those obtained with the DFT methods, provided that the level of treatment of the electronic correlation is high enough and that sufficiently flexible basis sets are used. Calculations carried out within DFT also allowed the determination of the geometry and the energy of the molecule at the biradicaloid transition state associated with the thermal cisQtrans isomerization and at the transition states associated with the enantiomerization of the cis isomer and with the rotations of the pyridinyl and phenyl groups in the trans and cis isomers. Car-Parrinello molecular dynamics simulations were also performed at 50, 150, and 300 K using the PBE functional. The studies allowed us to evidence the highly flexible nature of the molecule in both conformations. In particular, the trans isomer was found to exist mainly in a nonplanar form at finite temperatures, while the rotation of the pyridinyl ring in the cis isomer was incidentally observed to take place within % 1 ps during the simulation carried out at 150 K on this isomer.
spin conversion. This approach provides a bistable spin system at a molecular scale and, consequently, it may have potential applications in the field of all-optical, high-density, permanent memories.
The observation of the LD-LISC effect raises different questions concerning the interplay between the metal ion and the photoactive moiety: What are the natures of the excited state(s) and the path(s) involved in the conversion process, and how do they depend on the excitation wavelength? What are the structural and electronic changes at the metal center that result from the transQcis isomerization of styrylpyridine? How do the latter depend on the spin multiplicity of the transition metal ion? Is there a chance to observe a collective process upon photoexcitation of complexes incorporating several photoactive ligands? To address these issues, time-resolved spectroscopy studies are planned, in which the dynamics of the spin-state change versus the dynamics of the ultrafast photochemical processes will be analyzed. [24] The experimental approaches will not necessarily be able to help us answer all the above questions, but this should be possible with the use of quantum-chemical methods. This is the reason for the theoretical investigation of a prototypical LD-LISC complex, namely, the Fe(4-styrylpyridine) 4 A C H T U N G T R E N N U N G (NCS) 2 complex [22] shown in Figure 2 .
The large number of atoms present in this complex precludes the use of high-level wavefunction-based methods, such as the coupled cluster singles and doubles with perturbative connected triples (CCSD(T)) [25] or the multiconfigurational second-order perturbation (CASPT2) methods, [26, 27] while those based on density functional theory (DFT) [28] [29] [30] [31] [32] can efficiently be applied to such a large system. This has been illustrated by recent DFT studies of iron(II) and cobalt(II) complexes performed within the framework of the phenomenon of spin crossover; (see refs. [33] [34] [35] [36] [37] [38] [39] [40] , and references therein). In the case of the Fe(4-styrylpyridine) 4 A C H T U N G T R E N N U N G (NCS) 2 LD-LISC complex, we should thus be able to: 1) determine the changes in the geometry, the energy, and the optical properties that accompany the photoswitching of the conformation of one or several 4-styrylpyridine ligands, 2) establish the dependence of these changes on the spin state, and 3) relate them to the changes in the orbital interactions between the constitutive fragments of the complex. In summary, the use of DFT methods should help us obtain a very detailed picture of the LD-LISC phenomenon.
As a mandatory first step towards the study of the whole complex, we carried out an in-depth characterization of the 4-styrylpyridine photoactive moiety within DFT. We thus achieved a very detailed description of its geometry, energetics, and reactivity in the S 0 ground state. These results will be presented below. The remainder of the manuscript is organized as follows: Section 2 gives the computational details, while in Section 3, the ground-state geometries and the relative stability of the two isomers are determined. A comparison is made with the parent stilbene molecule (Section 3.1). To assess the performance of the DFT methods used, the results were compared with those obtained from calculations performed at the Hartree-Fock (HF), second-order Møller-Plesset (MP2), and CCSD(T) levels. This comparison was followed by the determination-on the ground-state potential energy surface (PES)-of the transition states associated with the thermally activated transQcis isomerization, the enantiomerization of the cis isomer, and the rotation of the aromatic cycles in the trans isomer (Section 3.2). Finally, temperature effects on the geometries of the cis and trans isomers are investigated by means of ab initio molecular dynamics (MD) simulations (Section 3.3).
Computational Details
Static calculations were performed with the NWChem program package. [41, 42] The geometries of the isomers were optimized using the B3LYP hybrid functional [43] [44] [45] and the PBE generalized gradient approximation (GGA) functional. [46, 47] To probe the influence of the basis sets on the description of the structure and the energetics of the two isomers, these geometry optimizations were carried out with two all-electron Gaussian-type orbital (GTO) basis sets (which we will call G and G'). For all atoms, G consists of the DFT basis set DZVP of double-z polarized quality proposed by Godbout et al. [48] . G' differs from G by the fact that the N and C atoms are now described by the DFT basis set TZVP of triple-z polarized quality. [48] The structural and energetic properties of the two isomers were also determined at the HF and MP2 levels using the correlation-consistent cc-pVDZ double-z polarized basis set introduced by Dunning and co-workers. [49] [50] [51] The MP2 calculations were carried out within the frozen core approximations. The cc-pVDZ was also used to perform the geometry optimizations at the DFT level, thus allowing a rigorous comparison between the results of the wavefunction-based and DFT methods. These geometry optimizations were followed by a vibrational analysis to ensure that the calculated structures of the two isomers are true minima. The molecular structure of trans-4-styrylpyridine is given as nonplanar by the wavefunction-based methods and as planar by the DFT methods. To investigate this issue further, we performed a section of the ground-state PES in the vicinity of the trans minimum by doing single-point CCSD(T)/cc-pVDZ calculations on partially relaxed B3LYP/G ' geometries. The geometry of the trans isomer was also optimized at the MP2/ aug-cc-pVDZ level. The transition-state optimizations were per- Figure 2 . X-ray structures of the iron(II) complexes Fe(trans-4-styrylpyridine) 4 -A C H T U N G T R E N N U N G (NCS) 2 (left) and Fe(cis-4-styrylpyridine) 4 A C H T U N G T R E N N U N G (NCS) 2 (right). [22] The all-trans complex exhibits spin crossover while the all-cis complex is a high-spin species.
formed at the B3LYP/G and PBE/G levels and followed by vibrational analyses.
Ab initio MD simulations were performed within DFT by using the Car-Parrinello scheme, [52] as implemented in the Car-Parrinello MD (CPMD) program package [53] (the PBE functional was employed). Fully separable, [54] norm-conserving Troullier-Martins pseudopotentials [55] were used to describe the nuclei and the core electrons of all atoms, while the wavefunctions of the valence electrons were expanded in a plane-wave (P) basis set, with a kinetic-energy cutoff of 80 Ry. The calculations were carried out on a molecule centered in a cubic box of length = 18 by solving Poisson's equation for nonperiodic boundary conditions. [56] According to the results of the geometry optimizations performed with cutoff values of 60, 80, 100, 110, and 120 Ry (data not shown), the kineticenergy cutoff of 80 Ry allows the convergence of the geometric and energetic properties of both isomers. Furthermore, the results obtained under these conditions for the optimized geometries of the cis and trans isomers-and for their energy difference-are in good agreement with those obtained from the calculations with the PBE functional and the all-electron basis sets (see below). The CPMD simulations were performed with target temperatures of 50, 150, and 300 K, using a fictitious mass of 500 a.u. and a time step of 4 a.u. (ca. 0.0968 fs) for the integration of the equations of motion. Starting from the optimized geometry of the cis or the trans isomer, the simulation temperatures were adjusted during a first run (of ca. 0.1 ps) by means of velocity scaling. Then, during the production run (of ca. 2.4 ps), they were controlled by using the NosØ-Hoover chain algorithm [57] [58] [59] [60] [61] [62] (that is, one NosØ-Hoover chain was put on each ionic degree of freedom-"massive" thermostating-and another one on the electronic degrees of freedom).
The results of the calculations were visualized and analyzed using the extensible computational chemistry environment (Ecce) [63] and the gOpenMol [64, 65] softwares. For each isomer, the geometries obtained with the PBE and B3LYP functionals, combined with any of the two basis sets (G or G'), were very similar. To discuss these geometries, we will only consider key structural parameters that help to characterize the rearrangement of the substituents of the ethylenic group around the C 
ÀC
Py dihedral angle, and the aA C H T U N G T R E N N U N G (Py,Ph) angle between the planes defined by the phenyl and the pyridinyl rings. The optimized values of the selected structural parameters are reported in Table 1 along with those of the C 1 ÀC 2 bond length. For each isomer, the values found for a given angle or bond length hardly vary with the theoretical levels. However, the B3LYP and PBE values found for t and aA C H T U N G T R E N N U N G (Py,Ph) in the cis isomer differ by about 1-28, which indicates that the two functionals actually give slightly different arrangements of the substituents of the isomerisable C 1
2 moiety for this isomer ( Table 1 ). The trans isomer was found to be planar, independent of the theoretical level, as attested by the values of 180.0 and 0.08 for t and aA C H T U N G T R E N N U N G (Py,Ph), respectively. The comparison between the calculated values and those taken from the X-ray structure of trans-styrylpyridine [66] (presented in Table 1) shows that there is a very good agreement between the optimized and the experimental geometries. The small deviation from planarity that is observed in the experimental geometry (t = 179.18) can be ascribed to packing effects, which are not present in our calculations performed for the molecule in the gas phase. The cis isomer is predicted to be markedly twisted, the expected values of t and aA C H T U N G T R E N N U N G (Py,Ph) for a perfectly planar cis configuration being 0.08. The non-planarity of this isomer can be ascribed to the steric hindrance between the neighboring ortho H substituents of the two cyclic rings. Note that there is no experimental structure for this isomer, which actually forms an oil.
The trans!cis isomerization gives rise to an increase of about 48 in the angles C 
Py bonds; this lengthening can be explained by the fact that these bonds lose much of their partial double-bond character. The nonplanarity of the structure of the cis isomer [8] in optimized trans and cis geometries of 4-styrylpyridine.
[a]
trans-4-styrylpyridine B3LYP/G 
2 bond length). The trans conformation is expected to be the most stable isomer of 4-styrylpyridine, as its planar structure favors the delocalization of the p system over the whole molecule, and there is no steric hindrance between the substituents of the aromatic rings as in the case of the cis isomer. Consequently, the zero-point energy difference between the two isomers [Eq. (1)]:
must be positive. The zero-point energy, E8, is the sum of the electronic (E el ) and the vibrational (E vib ) contributions. The former contribution is the energy minimum determined by geometry optimization, and the latter is that obtained from the vibrational analysis carried out on the optimized geometry within the harmonic approximation. 
2 bond that is too short by as much as % 0.03 . These deviations also drastically affect the arrangement of the substituents of the C 1
2 photoisomerisable moiety, as attested by the large differences between the HF and MP2 values of the angular parameters. The comparison between the MP2 data and those obtained from the DFT calculations with the cc-pVDZ basis set and with the G and G' basis sets (Table 1) shows that the MP2 and DFT geometries are in reasonable agreement.
Surprisingly, the trans isomer is predicted to be planar by the DFT methods, while the HF and MP2 methods predict a slightly twisted structure. The latter studies yield t and aA C H T U N G T R E N N U N G (Py,Ph) values that indeed deviate from the values of 180.0 and 0.08 expected for a planar geometry. Additionally, if the geometry optimization is carried out while constraining the symmetry to C S , the HF and MP2 methods give a planar geometry that is (quasi) isoenergetic with the twisted geometry but corresponds to a saddle point characterized by a vibrational mode with an imaginary frequency. The instability along this mode can also be viewed as an instability along the twisting angular coordinate t. The question as to whether the trans isomer is planar or not shows that a reliable description of the structural properties of 4-styrylpyridine is actually a challenging task. We now address this planarity issue, which proves to be a stringent criterion for comparing the performance of the different methods.
The DFT structures are very consistent with each other, and the discrepancies between these geometries and those obtained at the HF/cc-pVDZ level can be ascribed to a neglect of correlation. The discrepancies observed between the DFT and MP2 structures-especially for the trans isomer-may be caused by an insufficient dynamic-correlation recovery at the MP2/cc-pVDZ level. To probe this assumption, we determined the cross section of the S 0 ground-state PES along the angular coordinate t in the vicinity of the planar configuration of the trans isomer at the MP2, CCSD, and CCSD(T) levels. To that end (with the HF, MP2, and CCSD energies being intermediate results in the CCSD(T) calculations), single-point studies at the CCSD(T)/cc-pVDZ level were carried out within the frozen-core approximation on the optimized B3LYP/G' trans geometry (t = [8] in optimized trans and cis geometries of 4-styrylpyridine (results of the calculations performed with the cc-pVDZ basis set). 1808) and on the B3LYP/G' relaxed geometries obtained by varying t (in steps of 18) between 175 and 1798. These results are summarized in Figure 3 . The potential energy curves in Figure 3 are very flat, which shows that close to the most stable geometry of the trans isomer, the deformation along the angular coordinate t corresponds to a floppy mode. In fact, for the two isomers of 4-sty-A C H T U N G T R E N N U N G rylpyridine, the deformation along t close to the minimum resembles that obtained by following the normal mode of lowest frequency, with the calculated B3LYP/G' frequencies being 40 and 21 cm À1 for the trans and cis isomers, respectively. Within the accuracy of the grid used to scan the groundstate PES along t, the potential energy curve obtained at the MP2/cc-pVDZ level clearly favors a slightly twisted geometry for the trans isomer. In contrast, the curves obtained at the more elaborate CCSD/cc-pVDZ and CCSD(T)/cc-pVDZ levels predict the planar structure to be the most stable one. These results support the idea that the deviation from planarity observed in the fully optimized MP2/cc-pVDZ geometry of trans-4-styrylpyridine is caused by an insufficient correlation recovery at this theoretical level (see also Section 3.1.3). Table 4 gives the HF/cc-pVDZ and MP2/cc-pVDZ zero-point energy differences and their electronic and vibrational contributions. The DFT values obtained for these quantities with the B3LYP and PBE functionals and the same cc-pVDZ basis set are also reported and are in very good agreement with those obtained with the G and G' basis sets (Table 2) . In all cases, the calculated cis-trans zero-point energy differences are positive, thus giving the trans isomer as the most stable one. . This, however, is beyond the purpose of the present study.
In general, despite the observed discrepancies, it can be concluded that DFT and highly correlated wavefunction-based methods converge towards a similar description of the structural and energetic changes that accompany the transQcis isomerization. Thus, on passing from the trans to the cis isomer, one goes from a planar geometry to a markedly twisted one (of higher energy), in which the C Ph ÀC 1 and C 2 ÀC Py bonds lose much of their partial double-bond character. The B3LYP hybrid and PBE GGA functionals perform equally well, and their use with a small basis set, such as the G basis set, already allows us to obtain very satisfactory results.
4-Styrylpyridine versus Stilbene
The arrangements of the phenyl and pyridinyl fragments around the ethylenic moiety in the cis and trans ground-state geometries of 4-styrylpyridine are very similar, as attested by the identical lengths of the C (Tables 1 and 3 ). This similarity suggests that the two aromatic substituents, with their isoelectronic p systems, are nearly equivalent from the point of view of their interactions with the ethylenic moiety. If so, the ground-state conformational properties of 4-styrylpyridine should be very similar to those of stilbene (which has two equivalent phenyl substituents). This fact is effectively confirmed in Table 5 . Thus, from the comparison of selected distances and angles in the optimized B3LYP/cc-pVDZ cis and Table 5 ), one can infer a close match between their geometries in either conformation. Furthermore, an inspection of part B of Table 5 shows that the cis-trans energy differences in isolated 4-styrylpyridine and isolated stilbene are identical within the accuracy of the ab initio methods employed. For 4-styrylpyridine, which we characterized in vacuum and at 0 K, it still remains to definitively determine whether its geometry in the trans conformation is planar or not in the limit T!0 K. Indeed, as seen above, direct energy minimizations at the HF/cc-pVDZ and MP2/cc-pVDZ levels give nonplanar geometries, whereas strictly planar geometries are obtained with the DFT methods. The possibility of a planar geometry is also supported by the cross section determined at the CCSD(T)/ccpVDZ level of the ground-state PES near the trans minimum. The analysis of the vibrational structures in the experimental electronic spectra of solvated trans-4-styrylpyridine [67] and solvated trans-stilbene [68] indicates that the geometries of both species are almost planar in glassy matrices and more or less nonplanar in fluid solutions. However, the analysis of the resolved rotational structure in the fluorescence spectrum of trans-stilbene-recorded on an ultra-cold (6 K), collision-free molecular beam-demonstrates that this species is strictly planar in vacuum and in its ground-state vibronic level. [69] Such an experiment has not been carried out so far for trans-4-sty-A C H T U N G T R E N N U N G rylpyridine, but from the theoretical point of view, [70] it is known that the HF and MP2 methods give nonplanar geometries for trans-stilbene whereas the DFT methods give strictly planar geometries (which is in perfect agreement with experiment). Therefore, given the superior performance shown by the DFT methods, we can assert on the basis of our DFT results that trans-4-styrylpyridine is also strictly planar in vacuum and in the limit T!0 K.
Regarding the performance of correlated wavefunctionbased methods for addressing this issue of planarity, Kwasniewski et al. showed in their study of trans-stilbene [70] that a correct description of the molecular structure actually requires the use of sufficiently flexible basis sets. In particular, using the relatively large augcc-pVDZ basis set, they could establish the planarity of transstilbene at the MP2 level for the first time. Furthermore, they observed a quite satisfactory agreement between the geometries they calculated at the MP2/aug-cc-pVDZ and B3LYP/ aug-cc-pVDZ levels. [70] We also optimized the geometry of trans-4-styrylpyridine at the MP2/aug-cc-pVDZ level by using the optimized nonplanar MP2/cc-pVDZ geometry as a starting point. The optimization led to a strictly planar geometry, whose selected distances and angles are reported in Table 5 . These data compare quite well with those reported for the planar geometries obtained with the DFT methods (Tables 1 and 5 ), thus showing the good agreement between the involved geometries. Note also the similitude between the data reported in Table 5 for the calculated MP2/aug-cc-pVDZ structures of trans-stilbene and trans-4-styrylpyridine. Finally, regarding the use of wavefunctionbased methods, it can be concluded that a sufficiently large and flexible basis set is required for achieving a reliable description of the structures of the two molecules.
Similarly, an accurate determination of the cis-trans energy differences in 4-styrylpyridine and stilbene with wavefunctionbased procedures would actually require the use of a highlevel method, such as CCSD(T), in combination with a sufficiently large basis set, such as aug-cc-pVDZ (or other even more flexible ones). However, this is currently impossible because of the large number of atoms in the molecules. Eliel and Engelsman recently proposed an up-to-date experimental estimate (of 1574-1749 cm
À1
) for the cis-trans enthalpy difference, DH CT 8, of stilbene. The researchers derived this estimate from the heats of combustion of the two isomers in the gas phase. [71] By virtue of the equality between the cis-trans energy differences in the two molecules established at different theoretical levels (see Table 5 ), this value can be used as an estimate for the cis-trans enthalpy difference in 4-styrylpyridine as well. Neglecting the temperature dependence of the enthalpy of isomerization, (i.e. assuming the same temperature dependence for the enthalpies of both isomers), one has:
, that is, we propose the use of the same "experimental" estimate of the cis-trans zero-point energy difference (namely, 1574-1749 cm À1 ) for both molecules; this estimate is 664 873 [b] 1888 stilbene [70] 670 [c] 819 [d] 1858
[a] This work.
[b] CCSD(T)/cc-pVDZ single-point calculations on optimized B3LYP/G' cis and trans geometries.
[c] Results of geometry optimizations performed at the MP2/6-31G** level.
[d] Estimates obtained from a focalpoint analysis of the cis-trans energy difference performed on optimized B3LYP/cc-pVTZ cis and trans geometries. [70] ChemPhysChem (Tables 2, 4 , and 5).
Reactivity of 4-Styrylpyridine in the Ground State

The Thermally Activated transQcis Isomerization
Besides the photoinduced process, [72] [73] [74] the transQcis isomerization of 4-styrylpyridine might also occur through a thermally activated process. This thermally activated pathway has not been observed so far. Still, a full characterization of the corresponding transition state, TS 0 , based on first-principles methods is possible. It can be anticipated on chemical grounds that the geometry of 4-styrylpyridine at such a transition state is markedly rotated, with a twist angle t of about 908. Consequently, we first searched for saddle points on the S 0 surface by carrying out restricted calculations at the PBE/G and B3LYP/ G levels (starting from relaxed geometries obtained for fixed t values between 80 and 1008). None of these calculations allowed the sought transition state to be located. Instead, three other extrema were obtained, and frequency analysis allowed us to identify them as first-order saddle points; they correspond to internal rearrangements close to the cis and trans minima and will be discussed later on.
The inspection of the starting geometries helped us to understand why these calculations ended near those minima. It turns out that if the starting geometries are obtained from the geometry of the trans (or cis) isomer, the conformation of the substituents in these partially relaxed geometries remains trans (or cis). The same observations were made by Han et al. [75] when dealing with the construction of the ground-state potential energy curve of stilbene along the twisting angular coordinate defined by the torsion angle C 
ÀH
2 to be equal while rotating the ethylenic C=C bond. [75] Similarly, the starting geometry used in our search of TS 0 was determined by optimizing the molecular structure of 4-styrylpyridine while constraining q C = C This probably follows from the fact that 4-styrylpyridine actually acquires a significant biradical character (in the same way the parent stilbene molecule does) [75] Py] moieties, respectively. Hence, the difficulties met can be ascribed to the fact that the electronic structure of biradicals [76] [77] [78] corresponds to a situation of strong static correlation, which cannot be handled correctly within the restricted single-determinantal KohnSham (KS) framework with the available approximate functionals. [79] [80] [81] [82] [83] This effect also manifests itself by the instability of the restricted KS wavefunction. Indeed, unrestricted single-point calculations performed with the PBE and B3LYP functionals on the starting geometry led to solutions that are lower in energy than those obtained by restricted calculations carried out under the same conditions. An accurate description of OSS biradicals within the restricted single-determinantal KS framework requires functionals that fully include left-right correlation, which, of course, is the case for the exact exchange-correlation functional. The self-interaction error of approximate functionals mimics left-right correlation effects, [84] [85] [86] [87] [88] [89] but it does so in an unspecified manner, and the strong static correlation in OSS biradicals remains underestimated in the restricted single-determinantal DFT approach; this leads to solutions that are too high in energy. Optimized geometries are also erroneous, [81] and this probably explains why we have not been able to locate the transition state TS 0 in that way. Filatov and Shaik [80] recently developed the "spinrestricted ensemble-referenced KS" (REKS) method, within which conventional approximate functionals can be used to efficiently cope with such a situation of strong static correlation. In this scheme, the ground-state density is given by a symmetry-adapted weighted sum of single-determinantal densities while the energy is given by a corresponding weighted sum of single-determinantal energies. [80] The REKS method enables one to tackle the electronic-structure problem within the desired spin and spatial symmetry, in contrast to the unrestricted DFT approach to which we have resorted. Unrestricted DFT helps overcome the deficiency of the approximate functionals in that static correlation effects are included thanks to the flexibility of the wavefunction. Indeed, given that the spatial parts of spinup (a) and spin-down (b) molecular orbitals (MOs) are allowed to differ, the single electrons of the biradicals occupy two distinct orbitals, a-HOMO and b-HOMO (HOMO = highest occupied MO), centered on different parts of the molecule, and can thus avoid each other in an efficient way (for 4-styrylpyridine at TS 0 , see Figure 4 ).
As recently reviewed by Gräfen-stein et al., [82] unrestricted DFT can perform quite well for the geometry and the energy of OSS biradicals, such as rotated alkenes. This performance is, however, at the expense of artificially breaking the spin symmetry of the molecule and possibly also its spatial symmetry (if any). The broken-symmetry (BS) KS determinant is not a spin-symmetry-adapted wavefunction, as it is a mixture of a singlet and (M S = 0) triplet functions. To account for the importance of the triplet contribution, the energy of the biradical singlet state E S is evalu- ated according to Equation (3): [79] 
where E BS is the energy of the BS state, E T is the energy of the triplet state at the same geometry, andŜ is the total electronic spin operator. The expectation valuesŜ 2 D E are evaluated using the appropriate KS wavefunctions. Equation (3) evidences the fact that the BS results are most reliable when the singlet-triplet energy difference is small [79] or that the spin contamination of the BS wavefunction vanishes.
The unrestricted optimization calculations carried out at the PBE/G and B3LYP/G levels finally allowed the determination of the TS 0 state. As shown by the selected distances and angles reported in Table 6 , the geometries obtained with the two functionals are very similar. The optimized B3LYP/G geometry is represented in Figure 4 along with the localized a-HOMO and b-HOMO orbitals, which are centered on the [PyH Py] fragments, respectively. These two frontier MOs are very similar, which stresses once more that the two aromatic rings are quasi-equivalent from the point of view of their interactions with the ethylenic group. Frequency calculations gave one imaginary frequency, thus showing that the characterized extremum corresponds to a first-order saddle point.
Taking the energy of the trans isomer as the zero of energy, the BS state is found to lie at 15 880 and 16 012 cm À1 at the B3LYP/G and PBE/G levels, respectively. In both cases, the quantity E T ÀE BS proves to be small, namely, 150 and 95 cm À1 .
Taking the respective values of 1.057 and 2.052 forŜ À1 by using Equation (3) (see Table 6 ). This result gives quite small B3LYP and PBE values for the singlet-triplet splitting at TS 0 (i.e. 309 and 192 cm
À1
, respectively), which makes us confident about the quality of our BS results. Recalling that E S actually corresponds to the barrier height DE 0°f or the isomerization reaction, it turns out that the B3LYP and PBE functionals perform similarly for the description of the isomerization of 4-styrylpyridine.
Using the BS-DFT method, and including spin projection [see Eq. (3) Table 6 also shows that the geometries of the two molecules at the transition states are very close. Hence, one can draw the conclusion that the thermally activated cisQtrans isomerization reaction pathways of stilbene and 4-styrylpyridine are very similar. Figure 5 shows the ground-state potential energy curve of 4-styrylpyridine along the twist angle q C .
Specific Reactivity of the cis and trans Isomers
As previously indicated, the very first restricted KS calculations that were carried out allowed the identification of three firstorder saddle points on the S 0 surface, namely, the transition states TS i (i = 1,2,3; Figure 6 ). ], characterizing the biradical transition state TS 0 associated with the transQ cis isomerization of 4-styrylpyridine (X = Py).
4-styrylpyridine stilbene [b] B3LYP/G [c] PBE/G [c] ref. [75] [d] [75] [e] Not corrected from the zero-point vibrational contribution. . [90] The structural parameters given in Table 7 show that the structures obtained at the B3LYP/G and PBE/G levels are relatively similar. The geometry of 4-styrylpyridine at TS 1 is thus characterized by the fact that the four atoms C Ph , H 1 , H 2 , and C Py are nearly located in the same plane (t = 0.58), while the angle between this plane and that of the phenyl or pyridinyl ring is % 508 (or % 578), according to the B3LYP/G (or PBE/G) results. This value is somewhat larger than that of % 378 (or % 358) found for the geometry of the cis isomer. It follows that the delocalization over the whole molecule is more pronounced in the cis configuration than in the configuration at TS 1 . This effect is attested by the lengthening (by % 0.007 ) of the C Ph ÀC 1 and C 2 ÀC Py bonds on going from the former geometry to the latter, which follows from the decrease of their partial double-bond character.
For the geometry at TS 1 , Table 7 shows a difference of % 1.58 between the B3LYP/G and PBE/G values of the C 1
ÀC
2
ÀC
Py and C Ph ÀC 1
2 angles and a larger difference (of about 88) between the values found for the angle aA C H T U N G T R E N N U N G (Py,Ph) at the two theoretical levels. Consequently, the two functionals do not predict the same arrangement of the two cyclic rings, which actually tend to be oriented face to face. This orientation is favorable to p interactions, and the differences observed can be ascribed to the fact that an accurate DFT characterization of such weak, long-range interactions remains a challenging task. [91] However, it is worth noting that in either of the calculated geometries, the two aromatic substituents adopt a comparable arrangement around the ethylenic moiety.
On the other hand, the B3LYP and PBE functionals give very similar results for the geometries at the transition states TS 2 and TS 3 , which are associated with the rotation of the phenyl and pyridinyl groups, respectively, in trans-4-styrylpyridine. The two geometries are very similar. In both cases, the plane of the rotating group is perpendicular to the plane defined by the rest of the molecule. Because of the vanishing interaction between the p systems of the two moieties, the bonds that connect them are % 0.024 longer than in the trans geometry ( Table 1) . As compared to the trans geometry, the structure at Inspection of Table 7 shows that the B3LYP and PBE functionals perform quite similarly, also for the energetics of these ], for the enantiomerization in the cis isomer (i = 1) and the rotation of the phenyl (i = 2) and the pyridinyl group (i = 3) in the trans isomer of 4-styrylpyridine (see Figure 6 ). Selected distances [] and angles [8] characterizing the transition states are also given. ). Most importantly, whatever the theoretical level, it is true that DE 2°% DE 3°. This result, in conjunction with the similarities between the geometries at TS 2 and TS 3 (and the similar arrangements of the phenyl and pyridinyl substituents in the geometry at TS 1 ), reflects the near equivalence of the two aromatic rings with regard to their interactions with the ethylenic group, which we already pointed out (see Section 3.1.3).
The rotation of one phenyl ring in trans-stilbene was characterized by Kwasniewski et al. at the B3LYP/cc-pVTZ level.
[70] The geometry of stilbene at the transition state is very similar to that of 4-styrylpyridine at TS 2 or TS 3 , and the barrier height of 1679 cm À1 compares very well with the values found for DE 2°a nd DE 3°a t the B3LYP/G level (which average to 1675 cm
À1
). This similitude adds to the other strong resemblances which we have evidenced so far for isolated stilbene and 4-styrylpyridine in their ground state. On their basis, it can be anticipated that the cross sections of the ground-state PESs of the two isolated molecules along relevant common configurational coordinates are superimposable in a close to quantitative manner. The relevant coordinates are those reaction coordinates that describe the individual and concerted torsional motions of the aromatic substituents around the photoisomerisable ethylenic moiety.
Temperature Effect on the Geometries of the cis and trans Isomers
Thermal fluctuations are known to affect significantly the absorption and fluorescence spectra of solvated trans-4-styrylpyridine, [67] which exhibit a blurring of the vibronic structure and an hypsochromic shift on passing from cryogenic to room temperatures. This has been explained by the transition from an almost planar structure in glassy matrices to more or less nonplanar forms in fluid solutions. The cause for this effect is a twisting about the quasi-single C Ph ÀC 1 and C 2 ÀC Py bonds. [67] In the following, we will examine the influence of temperature on the cis and trans ground-state geometries of the isolated molecule through Car-Parrinello MD calculations at the PBE/P level.
As shown in Table 1 , the calculation conditions used herein give optimized cis and trans geometries that are in very good agreement with those obtained at the PBE/G' level. This also holds for the calculated cis-trans energy difference, DE CT el , which amounts to 1806 cm À1 , as compared to the PBE/G' value of 1624 cm
À1
. This makes us quite confident about the quality of the MD calculations. The simulations carried out for % 2.4 ps at target temperatures of 50, 150, and 300 K resulted in average ionic temperatures of 50 AE 8, 150 AE 24, and 295 AE 44 K for the runs with the cis isomer, and of 49 AE 6, 150 AE 23, and 302 AE 41 K for those with the trans isomer. For each simulation, the atomic positions were recorded every 40 a.u. ( % 0.968 fs) . At all temperatures, the geometry of each isomer exhibited significant fluctuations (whose amplitudes increased with temperature). This is illustrated by the plots of the time evolutions of the C Figure 7) . The average values and the standard deviations found for these structural parameters are given in Table 8 , along with the values found for these parameters in the optimized geometries.
The inspection of Table 8 and Figure 7 shows that, with the exception of q C and q H for the simulation performed at 150 K on the cis isomer, the parameters rapidly vary around their average values, which do not significantly evolve with the temperature and stay quite close to those found in the optimized geometries. One also notes that the average amplitudes of the variations, as measured by the standard deviations, significantly increase with the temperature. In the case of the simulation run at 150 K on the cis isomer, the statistics performed on the values of q C and q H -collected during the whole simulation time of % 2.4 ps-lead to negative averages (Table 8 ). This can be explained by the fact that the rotation of the pyridinyl ring about the C 2
ÀC
Py bond occurs between % 0.3 and % 1.4 ps and translates into the enantiomerization of the cis isomer. The reaction that takes place can be better apprehended by considering the time evolutions shown in Figure 8 for the angles f Ph = C [a] The statistics were performed on the data collected during % 2.4 ps of simulation. In the case of the cis isomer, the values given in parentheses for the simulation carried out at 150 K were obtained from the analysis performed on the data collected during the last picosecond of the run. The values found in the optimized cis and trans geometries are also reported for comparison.
During the first % 0.3 ps of simulation, the values of f Ph and f Py differ from those found in the optimized cis geometry of D configurations (namely, f Ph = 34.48 and f Py = 34.28), although still staying relatively close to them. Thereafter, the pyridinyl ring starts to rotate, which is attested by the strong increase of f Py . Concomitantly, the rotation of the phenyl ring takes place and gives rise to the observed decrease of f Ph . At % 0.8 ps, the system is in the vicinity of the transition state, which is characterized by f Py = 90.08 and f Ph = 0.08 (see below). At % 1.4 ps, the rotation of the phenyl ring is completed. The remainder of the simulation deals with the evolution of the product, which is the L enantiomer, as shown by the values recorded during the last picosecond of the simulation for f Ph and f Py (Figure 8 ) and for q C and q H ( Figure 7 and Table 8 ). Indeed, in the optimized geometry of the L enantiomer, f Ph = À34.48, f Py = À34.28, or equivalently, f Py = 145.88, q C = À7.28, and q H = À5.28. Figure 9 shows snapshots taken from this run.
In unconstrained ab initio MD simulations started with one minimum, as in our case, a switch to another minimum is rarely observed within the computationally affordable simulation time. The direct observation of the rotation of the pyridinyl ring during the % 2.4 ps of simulation performed on the cis isomer at 150 K is therefore fortuitous and results from very favorable conditions. We have characterized the transition state (TS 4 ) associated with this rotation and also the transition state associated with the rotation of the phenyl ring (TS 5 ). The calculations were done at the B3LYP/G and PBE/G levels. The results obtained with the two functionals are very consistent and are summarized in Figure 10 and Table 9 . In line with the previously noticed quasi-equivalence of the two aromatic rings, the two transition states are structurally and energetically very close. The arrangements of the substituents around the ethylenic group simply interchange on passing from one transition-state structure to the other (Table 9 ). In particular, the rotating fragment is, in both cases, perpendicular to the plane defined by the rest of the molecule; the molecular symmetry is C S . The coplanarity of the nonrotating ring and the ethylenic fragment is favorable to p interactions, which may help to stabilize the transitions states. This fact and the decreased strength of the C Ph À C 1 and C 2 ÀC Py bonds on going from the trans to the cis isomer may probably converge to give the small rotation barriers found for the cis isomer. Indeed, the heights of the rotation barriers of the pyridinyl and phenyl groups are DE 4°F igure 7. Time evolutions of the C 1 ÀC 2 , q C , and q H structural parameters, as deduced from the CPMD simulations performed at 50 K (blue line), 150 K (green line), and 300 K (red line) on the cis and trans isomers.
% 588 cm À1 and DE 5°% 583 cm À1 , respectively, as obtained by averaging the PBE and B3LYP values (Table 9) . These values are about three time smaller than those found for the trans isomer (Table 7) . Hence, the rotation of the aromatic substituents is expected to take place far more readily in the cis isomer than in the trans isomer. Incidentally, in the MD simulation performed at 150 K on the cis isomer, the rotation of the pyridinyl ring was observed to occur completely within % 1 ps. Outside the timeslot in which the reaction takes place, the time evolutions of the torsion angles f Ph and f Py exhibit highfrequency fluctuations, which do not mask the fact that the variations of these parameters are principally characterized by large departures from their optimized values of j f Ph j = 34.48 and j f Py j = 34.28 for long periods of several tenths of a picosecond. These observations extend to the variations of f Ph and f Py in the simulations performed at 50 and 300 K on the cis isomer as well as in all those carried out on the trans isomer (in the optimized geometry of the trans isomer, f Ph = f Py = 0.08). For both isomers, the amplitudes of the variations of f Ph and f Py are actually increasing functions of the temperature (see Figure 8) . The relatively large amplitudes of these variations show that in the vicinity of the cis and trans minima, the ground-state PES is very flat along the f Ph and f Py angular coordinates. Remarkably, for both isomers-and whatever the temperature-the instantaneous evolutions of f Ph and f Py tend to take place in opposite directions, that is, from the point of view of an observer sitting on the ethylenic bond, the phenyl and pyridinyl rings undergo concerted clockwisecounterclockwise rotations about the C Ph ÀC 1 and C 2 ÀC Py bonds. Finally, regarding the issue of planarity of the structure of the trans isomer, our simulations show that this species mainly exists in a nonplanar form at finite temperatures, the deviation from planarity being an increasing function of the temperature. Similarly, the cis isomer essentially adopts, at finite temperatures, twisted forms, whose departures from the optimized cis geometry increase with increasing temperature. These results are also valid for 4-styrylpyridine in condensed media, except that the environment probably reduces the extent to which the aromatic substituents can rotate. For the isolated molecule, the influence of the thermal fluctuations on the absorption spectra of its two isomers is being investigated, and the results will be reported elsewhere. 
Conclusions
We characterized 4-styrylpyridine at different stationary points of its ground-state PES within DFT. The calculations were carried out with the PBE GGA and the B3LYP hybrid functionals, which were used in combination with basis sets of different qualities. For the geometries and relative stabilities of the trans and cis isomers, we obtained results that were remarkably consistent and that allowed us to draw the following conclusions: The molecular structure is strictly planar at the minimum associated with the trans conformation and becomes markedly twisted on passing to the minimum associated with the cis conformation. The calculations carried out with the two functionals and the DFT basis sets G and G' gave values for the cistrans zero-point energy difference that varied between 1624 and 1741 cm
À1
. These values were spread over a quite narrow interval, and their midpoint provided a very good theoretical estimate of the zero-point energy difference, that is,
Post-HF methods were also used to investigate the geometries and relative stabilities of the two isomers. The cc-pVDZ basis set was employed for these studies, and the calculations with the PBE and B3LYP functionals were re-conducted with this basis set to allow a rigorous comparison between the different methods. The DFT results thus obtained were in very good agreement with the other DFT results, but the flexibility of the cc-pVDZ basis set proved to be insufficient to allow a reliable characterization of 4-styrylpyridine at the MP2 level (or at even higher ones). In particular, MP2/cc-pVDZ calculations led to the prediction of a nonplanar geometry for the trans isomer and to a DE CT 8 value of 686 cm À1 , which is about one third of the DFT values. By increasing the level of the treatment of the electronic correlation up to the CCSD(T) level, the discrepancy between the DFT and post-HF results was shown to decrease. It was thus possible to deduce the planarity of the geometry of the trans isomer from the cross section of the ground-state PES performed in the vicinity of the trans minimum and along the t angular coordinate by means of CCSD(T)/cc-pVDZ calculations on B3LYP/G' optimized geometries. Similarly, CCSD(T)/cc-pVDZ calculations on the B3LYP/G' optimized cis and trans geometries gave a value of 873 cm À1 for DE CT el (which is the dominating electronic contribution to DE CT 8, i.e. DE CT 8 % DE CT el. ). The calculated cis-trans energy difference thus increases on going from the MP2/cc-pVDZ level to the CCSD(T)/cc-pVDZ level, but a factor of about two still remains between this value and the DFT best estimate of 1680 cm
. It actually turned out to be necessary to resort to the larger aug-cc-pVDZ basis set to obtain a fully optimized planar geometry of the trans isomer at the MP2 level. This result shows that a reliable description of 4-styrylpyridine with high-level post-HF methods requires a sufficiently flexible basis set, such as the aug-cc-pVDZ basis set (or an even larger one). For an accurate determination of the cistrans energy difference within this theoretical framework, the ] for the rotation of the pyridinyl group (i = 4) and the phenyl group (i = 5) in cis-4-styrylpyridine (see Figure 10 ). Selected distances [] and angles [8] characterizing the transition states are also given. [a] Not corrected from the zero-point vibrational contribution.
use of coupled cluster methods, for example, CCSD or preferably CCSD(T), would be highly desirable. However, for a system of moderate size, such as 4-styrylpyridine (25 atoms), the requirement of a sufficiently large basis set makes this approach intractable. Such a situation contrasts with that of the DFT methods and, indeed, for a computational cost comparable to that of the HF method, the use of conceptually distinct functionals (such as the B3LYP hybrid and the PBE GGA), with basis sets of very different qualities, helped us to obtain an equivalent and reliable description of 4-styrylpyridine at the cis and trans minima.
Calculations carried out at the B3LYP/G and PBE/G levels also allowed the characterization of 4-styrylpyridine at six transition states located on the ground-state PES. The molecule was thus characterized at the transition state TS 0 associated with the cisQtrans isomerization process. At TS 0 , 4-styrylpyridine is actually an OSS biradical and, as such, it could not be characterized within the restricted single-determinantal KS framework because the approximate functionals do not accurately account for the left-right correlation. We therefore used the BS approach, which provides a reliable solution to this problem. The results thus obtained with the two functionals are very consistent with each other. The geometry found for 4-styrylpyridine at TS 0 is that of a rotated alkene, and the height of the isomerization barrier, taken with respect to the energy of the trans isomer, amounts to DE 0°% 15 1.7 kcal mol À1 ). The rotation of either aromatic substituent in the cis isomer actually translates into the enantiomerization of this isomer. We also performed CPMD simulations at 50, 150, and 300 K. The results of these simulations, performed at the PBE/P level, showed that the evolution of the molecule in the vicinity of the cis and trans minima is characterized by large fluctuations, whose amplitudes increase with temperature. This is particularly the case for the phenyl and pyridinyl moities, which (from the point of view of an observer sitting on the ethylenic fragments) undergo large and concerted clockwise-counterclockwise partial rotations about the single CÀC bonds. This implies that the trans isomer mainly exists at finite temperatures in a nonplanar form. Incidentally, the simulation carried out at 150 K on the cis isomer allowed us to observe the complete rotation of the pyridiniyl ring, which took place within % 1 ps. In summary, the present theoretical study of 4-styrylpyridine allowed us to gain significant insight into its ground-state geometrical and energetic properties as well as into its groundstate reactivity. A similar static and MD study is being carried out to investigate the photophysics and photochemistry of the molecule; the results will be reported elsewhere.
